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ABSTRACT 
Fourier Transform Infrared Spectroscopy (FTIR) is a tool that allows for the 
characterization of molecular changes in biological systems. In this thesis, FTIR Microscopy is 
used to investigate the innate response of cells, via their biomolecular compositions, to nutrient 
stress and drug-induced changes.   FTIR was used to study cyanobacteria (Synechocystis sp. PCC 
6803 and Spirulina platensis) and algal (Neochloris minuta and Neochloris alveolaris) cells. A 
strain of yeast (Yarrowia lipolytica), and prostate cancer cells from the PC3 cell line were also 
studied.  The chemometric analysis, in particular, principal component analysis (PCA), was used 
to differentiate different cell types, cells at various stages of growth, and metabolic modifications 
in cells in response to external stress.    
Changes in the cell biomolecular composition indicate biomarkers that indicate how cells 
respond to changes in their environment.  The cell is in effect a sentinel or biological sensor, 
which can provide information on drug efficacy, and even on pollutants and other metabolites in 
the environment in which cells grow, not to mention a variety of pathogenic diseased states of 
cells.  
 FTIR spectra of cells provide information on the composition of lipids, carbohydrates, 
and proteins within the cell.  These biomolecules absorb IR radiation for the most part in distinct 
spectral regions. C-H, N-H, and O-H stretching vibrations occur in the 3300-2800 cm-1 region.  
Proteins absorb around 1650 and 1550 cm-1. While lipids, including phospholipids, nucleic 
acids, and polysaccharides display absorption in the 1400-900 cm-1 region.  
To test and verify the level of applicability of the FTIR technique we introduce the 
hypothesis that cyanobacterial cells in various stages of growth can be distinguished based on 
their FTIR spectrum.  Different cyanobacterial strains at similar growth stages can also be 
characterized.  IR spectra of prostate cancer cells in the presence of various drugs were also 
described based on their FTIR spectra.  
 
KEYWORDS: FTIR microscopy, Vibrational frequency, Biomolecular composition, IR 
absorption, Principal components, Nitrogen depletion, Nutrient stressors, Drug-induced, 
Biofuels, Algal blooms 
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1 INTRODUCTION 
Several objectives established for Research Topics and Directed Studies in Physics which 
summarizes into acquiring systematic and experimental knowledge of core facilities and instrumentation 
as well as to demonstrate expert knowledge on the studies with FTIR on intact cells. The aim is also to 
acquire experience in the application of FTIR Spectroscopy through experimental studies, to develop a 
standard approach of application of  FTIR spectroscopy on intact microorganisms and to characterize 
biomolecular components of these microorganisms using methods of chemometric analysis.  
1.1 General Introduction     
Matter on this earth consists of elements. Elements bond together form molecules; molecules 
bonded together to form structures that be either can be micro or macroscopic in size. The characteristics 
of these molecular bonds are specific to the function of that molecule, and ultimately the mechanism of 
the organism.  Molecules vibrate at a resonant frequency and absorb IR radiation at their resonant 
frequencies. Since the bond between specific species is unique, the energy and thus vibrational frequency 
of each bond is unique. 
 IR spectroscopy is used to analyze molecular structures without disrupting the natural state of the 
specimen under investigation and thus prove to be one of the essential approaches to investigating 
biological material.  Biologist, chemist, medical scientist, and physics FTIR spectroscopy showing the 
robust applicability of this technique [1-10]. One of the most attractive components of this technique is 
the non-invasive and highly sensitive and specific approach to investigate biological and non-biological 
giving information on samples without compromising their natural state.  
For this thesis, FTIR Microscopy in the mid-infrared region of the electromagnetic spectrum is 
used to monitor the natural features of a microorganism’s cellular composition.  Similar studies have been 
carried out using this technique as it proves to be a very promising application to researching microscopic 
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specimens for non-invasive routine analysis.  Intact cells from cyanobacterial strains [11], yeast[7, 8, 12-
15], algae[10, 16-18], and prostate cancer [4, 25-27] were the specimen used to characterize the 
applicability of our technique. By monitoring the vibration of biomolecular composition in response to 
external stress, biomarkers for cell cytology can be obtained. 
Biomolecule that makes up the structure of cells vibrate at specific resonant frequencies giving 
rise to absorption in the mid-infrared region of the electromagnetic spectrum, 2,500 – 25,000nm or 4000 – 
400cm-1.  The interest in the IR response of biomolecular structures have seen many previous approaches 
with cell and biomolecular compositions as markers to explain the innate response of biomolecules in 
response to external stress. Biomolecules such as lipids and fatty acids, proteins and amino acids and 
carbohydrates and other polysaccharides are the dominant vibrating species in the mid-infrared region of 
the IR spectrum.  
Throughout the culmination of an extensive range of studies, various biomolecules are known to 
absorb or vibrate in specific frequency regions.  Region I (3100 – 2750 cm-1) has been described as the 
frequency range of fatty acids and amino acids. Region II (1750 – 1512 cm-1) describes ester lipids, 
amide I & II.  Region III (1500 – 1220 cm-1) vibrations are associated with nucleic acids and other 
molecules.  Region IV (1200 – 900 cm-1) is for Polysaccharides (carbohydrate and starches) and 
Phospholipids, and Region V (900 – 7 00 cm-1) is for the fingerprint region[1-10, 14, 15, 25, 26, 28-32].   
Cyanobacterial growth response to nutrient depletion is investigated by monitoring IR response of 
cell biomolecular composition over the growth period.  These spectra are then assessed to observe the 
trends of innate response to explain how nutrient availability impacts cell cytology.  Yeast cells are under 
study for their ability to yield a high quantity of lipids for biofuel production. FTIR allows for the study of 
lipids and proteins in biological structures of intact cells without introducing of foreign agents or 
perturbation by probes.  
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One of the most abundant lipids is PC or Phosphatidylcholine. FTIR of this typical lipid can be 
studied to understand the lipid IR vibrations better.  The intensity of CH2 vibrational modes or absorption 
bands is 10-20 times that of CH3 [10, 33, 34].  This information with the relative positions and width of N-H, 
O-H, and C-H stretching absorption bands in these areas can be used to evaluate the degree of fluidity of 
lipid membranes in cells. Cell metabolism regulates lipid composition and distribution.  
Hydrocarbon chains mainly contribute in the 2700-3100 cm-1 range for C-H stretching vibration 
occurs while the lower wavenumbers regions of the spectrum are contributions from the polar head 
groups.  Below 1800 cm-1, such Esters v(C=O) 1740 cm-1 followed by vas (PO2-) 1240cm-1 and vs (PO-2) 
1090 cm-1. The C-H stretching bands are uncoupled modes of vibration and independent of lipid head 
groups. They are sensitive to structural disordering in chains or unsaturation of the hydrocarbon chain.  
The ratio of vCH2 and vas CH=CH (acetyl) immediately yields unsaturation index which is 
relevant in membrane studies. The ratio between CH2 and CH3 modes vas is also a measure of lipid 
transmission. Studies indicate content variation in some lipids and changes in ester/phosphate ration is 
indicative of the drug-induced response. The band around 1740 cm-1 does not contribute to lipid content, 
as vibrations in lipids are not of the frequency of polar head groups [9].  
Microorganisms can adapt to changes in response to their environment to survive.  Carbohydrates 
C-O stretching mode relates to the synthesis of compound sugars and conformational changes or 
rearrangement of polysaccharides in the cell wall (1155-1021 cm-1).  Vibrations of cell wall component 
due to change in environment and essentially peptidoglycan which says something about the 
rearrangement of peptidoglycan under the condition of nutrient-rich or nutrient media as opposed to poor 
media.  
 C-O-C can be used to quantify carbohydrate content also some phospholipid and glycolipids. 
Relative lipid and carbohydrate content can be found using their area ration concerning amide I.  Under 
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nitrogen deprivation, cells respond with photosynthesis arrest leading to fixed carbon from photosynthesis 
converted to carbohydrate production. The mechanism described here can be applied to correctly indicate 
the carbon allocation in lipid, carbohydrate, and protein content of cells under nutrient stress.  
  Cells treated with potentially useful drugs will experience metabolic modifications correlated with 
their cellular mode of action.  Different drugs have different modes of action and are likely to yield 
unique responses characteristic of the drugs M.O.A.  Drug-induced metabolic disorders should be 
amendable to classifications similar to the ways we differentiate bacteria’s gender, species, and strains can 
be classified [4, 6, 25, 26]. 
 
1.2 Visible Absorption Spectroscopy 
The visible absorbance of samples was monitored using a UV-Vis 1601 Shimadzu spectrometer. 
The optical density or absorption give information on the concentration of our sample. The concentration 
of cells can be accessed using Beer-Lamberts law. Optical Density (OD) is the amount of radiation 
absorbed by the sample:  A= ε cl, where A is the Absorbance (OD), l is the path length of the light 
through the sample, C is the concentration of the sample and ε the molar coefficient of absorption.  The 
absorption of material follows the equation 
                                 A = log10 (Io/I), or log10 (1/T), 
 where Io is the intensity of the light source before it interacts with the sample and I is the transmitted 
intensity after it passes through the sample and to the detector, i.e., the transmittance (T). 
1.3 Infrared Spectroscopy 
Spectroscopy is a technique used to study the interaction of mater with light. Light consists of 
photons of energy propagating at different wavelengths (λ) depending on their quanta of energy.  Atoms 
and molecules absorb or emit radiation depending on the wavelength of photons.  A molecular vibrational 
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transition can be excited by either absorption of IR radiation or inelastic scattering of photons. Unlike UV 
and Visible light, infrared does not excite atoms which cause a transition in electronic energy levels.  Both 
phenomena are the basis on which IR spectroscopy and Raman Spectroscopy, respective, are used to 
investigate light interaction properties of matter. 
Infrared radiation is electromagnetic waves of photons with energy levels in the order of 0.5 t to 
0.001eV, which corresponds to the wavelength range from 2.5µm to 1mm of the spectrum.  
                       E = hc/λ or E = hv  
is the classical description for electromagnetic radiation. Where E is the energy of the photons, h is 
Plank’s constant (6.626x10-34 kgm2/s), c is the speed of light (3.0x108m/s2), λ is the wavelength (m), v is 
the frequency (Hz) which is related to λ by, v = c/λ.    Different molecular groups have characteristic 
vibrational frequencies (v) due to the nature of their intermolecular bond lengths, bond angles and boding 
species.  Infrared spectroscopy is used to monitor how molecules of different structural organization 
absorb infrared radiation.  
 
Figure 1. Showing how different wavelengths of light interact with a molecule and the different kinds of 
normal mode vibrations. On the left (2) are the illustrations of the normal modes. A is symmetric 
stretching, B is asymmetric stretching and C and D are bending modes. 
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Figure 1 illustrates the normal modes of molecular vibration. On the right (2) are the symmetric and 
asymmetric modes of vibration (A and B, respectively) and as well as bending and rocking modes (C and 
D, respectively). Infrared radiation modulates changes in molecular dipole moment and results in 
transitions within a sublevel.  A molecule of N atoms has a total of 3N degrees of freedom. Three of 
which to degrees of freedom. The remaining 3N -6 or 3N-5 degrees of freedom corresponds to the 
vibrational degrees of freedom which are called normal modes.  In normal mode vibration, molecules 
vibrate in phase and thus has the same resonant frequency. In infrared spectroscopy, this is the molecular 
vibrational frequency. 
For simple oscillators or diatomic molecules, the vibrational frequency ṽ can be calculated using 
the equation 
 ṽ = 1/2𝜋𝑐 (
𝑘
µ
), 
where ṽ is the vibrational frequency in wavenumber units (cm-1), c is the speed of light, k is Hooke’s force 
constant, and µ is the reduced mass.   For ver large molecules the vibrational frequencies are more 
sophisticated, and the modes become coupled.  Vibrational frequency points and intensities are 
characteristic of the chemical composition of intermolecular bonds and bonding groups. 
The IR active normal modes of molecules that are due to changes in dipole moment are what 
produces intensities in IR spectra.  An infrared absorption spectra usually illustrate intensity vs. 
wavenumber. This a graphical way of measuring the amount of IR radiation that is absorbed by vibrations 
due to dipole moment change within molecules and within different chemical bonding regions.     
A = log (Io/I) = εcl, 
where A is the absorbance, Io is the initial intensity before absorption, I is the transmitted intensity, c is 
the concentration, ε is the molar extinction coefficient, and l is the path length.   
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1.4 Fourier Transform Infrared Spectroscopy 
Michaelson Interferometer, Interferogram, and Single Beam Spectra 
FTIR is an advanced spectroscopy technique that uses the Michelson Interferometry and 
Mathematical Computations of Fourier Transformation of a single IR Beam to interact with a sample and 
produce IR spectra that reports on the molecular information embedded in the molecular fingerprint of the 
sample. The interferometer has a potassium bromide (KBr) beam splitter, one fixed and one moving 
mirror that together produces interference patterns of IR intensity that is Fourier transformed into an 
absorbance vs. wavenumber (cm-1) spectra. Interferometers are used to analyze light containing features 
of absorption or emission associated with a substance or mixture. 
 
 
Figure 2. showing interferometer (top left), interferogram with a plot of voltage intensity against 
number of points (top right), single beam spectra after Fourier transformation showing plot of 
absorbance units’ vs wavenumber (middle), single measurement of cells without background 
subtraction The negative peaks shown are due to IR absorption of organic biomolecules inside 
cells of sample, and bottom right is a ratio and truncated IR absorption spectra of organic 
biomolecules 
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Figure 2 is an illustration of interference light obtained by changing the position of the moving 
mirror in the interferometer.  Fourier transform computing applied to produce the absorption spectrum.  
Equation 2 in Fig. 2 is  
A(𝑣)  =  ∫  𝐼 (𝑟) cos (2
∞ 
−∞   
𝜋𝑣𝑟) dr. 
 Here A (v) is the intensity of light detected as a function of wavelength and represents a single beam 
spectrum. As shown in Fig. 2 the intensities present in this single beam spectra are due to water vapor, 
H2O, and CO2, which exist in the air.  The bottom plot is a scan taken with a sample on an IR active 
window.  The negative bands are due to not subtracting out water vapor and background, shown on the 
single beam spectra. After background subtraction, the spectra should reveal positive absorption bands, 
shown in the bottom center image. 
FTIR Microscopy 
 
Figure 3. Showing the setup used for FTIR Microscopy on cells. R beam guided through the sample by 
white light from microscope lamp.   
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In Transmission FTIR the sample is placed on or between two IR sensitive transmission windows.  
The single IR beam penetrates the sample, and the detector collects the transmitted radiation.  The IR 
windows are selected based on sample state, size or spectral window and mode of measurement.  FTIR 
Microcopy is a form of transmission spectroscopy that uses active windows like Zinc Solenoid (ZnSe) 
and Calcium Fluoride (CaFl2).  The IR measurements only require a microscopic sample size.  Micro-
droplets, of fix cells, biofluids or live cells are measured in IR cells or IR windows. As illustrated in Fig. 
3, IR windows were placed in a horizontal window holder, and the IR beams travel in the vertical 
direction through the samples. 
 There are other types of FTIR spectroscopy. Some of with include attenuation total reflection 
(ATR), diffuse reflection (Raman), and trans-flection. ATR is a technique of FTIR spectroscopy that uses 
the total internal reflection of IR radiation and is useful for investigating the biochemical surface of 
bacterial samples.  The device uses an IR active crystal with high refractive index, relative to that of the 
sample. The crystals can be made from diamond, germanium or Zinc Solenoid.  The crystal in use is our 
experiments is ZnSe with a refractive index, n=2.67.  Trans-flection uses low emissivity (low-e) IR 
sensitive windows.  These low- e windows have a reflective surface that allows for double absorption of 
the incident beam.  Our instrument is a hybrid ATR FTIR and FTIR Microscope unit.     
                                                     
2 BRIEF INTRODUCTION TO CELLULAR COMPOSITION AND BACTERIAL 
MICROORGANISMS 
2.1 Cellular Composition 
Prokaryotes can be distinguished from eukaryotes regarding their size, cell structure, and 
molecular make-up. Most prokaryotes lack extensive, complex, internal membrane systems. Although 
some cell structures are observed in both eukaryotic and prokaryotic cells, some structures are unique to 
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prokaryotes. Prokaryotes can be divided into two major groups: Bacteria and Archaea. Although similar 
in overall structure.  Bacteria and Archaea exhibit important differences in their cell walls and 
membranes.  Most bacteria can be divided into two broad groups based on cell wall structure [35]. The 
differences in cell wall structure correlate with the reaction to the Gram staining procedure. Many 
prokaryotes are motile, and several mechanisms for motility have been identified. After Christian Gram 
developed the Gram stain in 1884, it soon became evident that most bacteria could be divided into two 
major groups based on their response to the Gram-stain procedure Gram-positive bacteria stained purple, 
whereas gram-negative bacteria were colored pink or red by the technique [35]. 
The gram-positive cell wall consists of a single 20 to 80 nm thick homogeneous layer of 
peptidoglycan (murein) lying outside the plasma membrane.  In contrast, the Gram-negative cell wall is 
quite complicated. It has a 2 to 7 nm peptidoglycan layer covered by a 7 to 8 nm thick outer membrane. 
Because of the more abundance in peptidoglycan layer, the walls of gram-positive cells are more resistant 
to osmotic pressure than those of gram-negative bacteria [35]. 
 Cyanobacteria  
Cyanobacteria are oxygenic photosynthetic prokaryotic bacteria.  Otherwise, known as blue-green 
algae, they grow naturally in ponds, lakes, streams, and other surface waters. Photosynthesis is the 
process by which plants use water and sunlight to produce sugar (glucose) and energy (ATP).  This 
process occurs in the organelles called chloroplast, containing chlorophyll, which is located inside the 
folds of thylakoid membrane, as shown in Fig. 4.  Cyanobacteria presumably are the oldest organisms 
capable of oxygenic photosynthesis, which is the process of using light energy to oxidize water (forming 
molecular oxygen) and to generate electrons that eventually can be used to fix carbon dioxide to sugars.  
Chlorophyll is a green pigment that absorbs sunlight at particular wavelengths.  
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 The thylakoids have four major protein subunits which are Photosystem I (PSI) and Photosystem II 
(PSII), Cytochrome b6f and ATP synthase. PSI and PSII have bound chlorophyll molecules that absorb 
sunlight at a maximum of 680nm and 700nm respectively; which is the reason for the reference to P680 and 
P700.  The strains were isolated from their habitat and grown in a standardized and controlled environment 
to assess their properties and investigate their response to any changes in their environment. Cyanobacteria 
like S6803 and SP are gram-positive unicellular organisms that do not have membrane-bound organelles an 
instead have folds of an external membrane called thylakoids that containing chlorophyll facilitating the 
photosynthetic process. 
 
Figure 4. Showing the cross-section through a typical cyanobacterial cell with folds of the thylakoid 
membrane. 
 
Under favorable conditions of temperature and nutrient availability, strains of cyanobacteria 
proliferation increases and the effect has been described as an ‘algal bloom.’ Some cyanobacterial cells 
produce metabolites known as cyanotoxins.  Though not all species of cyanobacteria produce toxins, in 
the event of an algal bloom, it is essential to be able to identify the species present in these blooms. 
 The production of these metabolites has been reported to pose threats to other aquatic life, 
domestic animals, and humans.  Reports suggest that human exposure to these toxic metabolites may 
    28 
result in chronic illness.  Cyanotoxins can be grouped according to their mode of action and the resulting 
health effects. Hepatotoxins, neurotoxins, and cytotoxins are a few of the main groups that are reported to 
have adverse effects on the liver, nervous systems, and skin of humans, respectively. To be able to 
classify what species of cyanobacteria are toxic, there must exist a well define approached to 
characterizing each species base on their cytological components.  
Synechocystis sp. PCC 6803 
S6803 a strain that was isolated from the freshwater lake and deposited in the Pasteur Culture 
Collection (PCC). It was the first photosynthetic organism for which the entire genome sequence was 
determined and has the viability to produce gene deleted mutants. The strain used in the study has a 
deleted menB gene resulting in the inhibition of Phylloquinone production and has been widely studied in 
areas of electron transfer theory to understand the efficiency of photosynthesis and energy cycle better.  
The S6803 wild type has been reported to have doubling time 12 hours and 71 hours for menB S6803 
[36].  
Spirulina platensis 
Spirulina is a well-studied helical or spiral shaped photoautotrophic cyanobacterium.  This strain 
of cyanobacteria, SP, has been manufactured on a large scale as a dietary supplement due to its high 
protein content and other nutritional values.  It has also been used in electrons transfer studies and also 
used as a source to obtain bilin proteins for additional studies. This strain of cyanobacteria has been 
reported to have a doubling time of 3.5 or 2.5 days [37]. 
This thesis presents an approached to characterized two species of cyanobacteria grown under well-
defined conditions, among other things. In the sections about cyanobacteria, the aim is to be able to describe 
the cells changes in biomolecular composition as a function of growth time and to be able to differentiate 
among several strains of cyanobacteria. This was done by monitoring IR responses of cells biomolecular 
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composition over their growth period for both strains.  The FTIR spectra are then analyzed to observe the 
trends in the response of biomolecular composition and further explain how cells cytology is related to these 
responses.  
 
Figure 5. Showing 100x oil immersion microscopy images showing the diversity several strains of 
cyanobacteria. 
 
To able to determine which set of cyanobacteria produce cyanotoxins, we need to understand their 
cytology. Similar to bacteria cyanobacteria have a diversity of cells with different shapes and sizes.  As 
shown in Fig. 5, the three most common shapes observed are spherical, rod and spiral.  The apparent 
difference structure of cyanobacteria strain indicates that should be a difference in their biomolecular 
composition since the cell membrane largely controls the shape and size. 
Spherically shaped cyanobacteria like S6803 are usually ~ 2.5µm in diameter.  It is sometimes 
difficult to tell the separation between unit cells in the spiral chains of SP. However, the since the spiral-
shaped resembles that of a sinusoidal wave, the measurement from crest to crest or trough to trough was 
recorded to be 2.5µm in length. Other strains like Fisherella, displays a strain chain with variation in sizes 
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of unit cells along the length of the chains.  These are rod-shaped cells measuring between 2- 3.59µm in 
length.  Cells from Eucapsis and Mericaulis maris display pairs of semi-spherical cells budding together. 
Pairs of budding cells have a diameter of 4.28µm, and a single cell is 1.7µm for Mericaulis maris and 
5.54µm and 3.38µm for Eucapsis. 
Biofuels are renewable liquid or gaseous fuels made by and from living organisms or the wastes 
that they produce. The microbiology society insists that microbes play a crucial role in the production of 
sustainable biofuels. They are more durable than first-generation biofuels as they produce higher yields, 
reduce greenhouse gas production and do not compete with crops grown for food. 
Algae Nechloris minuta and Nechloris alveolaris 
 
The energy storage capacity is directly related to the number of lipids that are generated within the 
cells. This is a function of the cells’ metabolism and type of algae. Both these Neochloris strains are fast 
growing photosynthetic algae that are known for their ability to accumulate large reserves of lipids and 
carbohydrates in response to nutrient stress.  Many studies have been done to show the biomass 
composition which reveals the over-production of lipid and starch as a result of nitrogen deprivation. 
Lipid biomass comprises several categories of lipids, including neutral, phospholipids and galactolipids.  
It is the neutral lipids that are used as biofuel. 
 
Figure 6. Showing microscope imaging of Neochloris Minuta (left) and Neochlois Alveolaris (right) 
 
    31 
 Experiment on these cells was done twice where each pair of samples had one set of the sample 
that was grown under nitrogen deleted conditions.  Cells were supplied by Dr. Reza Rhazeghifard from 
NSU in Florida. Cells were measured using FTIR microscopy, and the results analyzed to characterize the 
biomass composition of these samples to further investigate algae as a candidate for biofuel production 
and the applicability of FTIR on the biomolecular response.  
Yeast cells of Yarrowia lipolytica 
 
Yeast is single cell eukaryotic fungi.   The YL is a strain of yeast that is modeled to study its lipid 
and protein metabolism. The cells hydrolyze triglycerides and polypeptides and stores their proteins and 
lipids. Extracellular proteolytic and lipolytic activities monitor these mechanisms.  The YL strain was 
originally isolated from sausages. Some other sources are lipid-rich media like dairy such as yogurt or 
meats, sewage, oil spill marina or hypersaline environments.  The colony cytology depends on the growth 
medium conditions as well as the genetic background.  
Microbiologists are currently working in some areas to make biofuel production more efficient. 
These include, engineering yeast to tolerate higher concentrations of alcohol to increase bioethanol 
production, genetically modifying micro-organisms to ferment sugars more efficiently to increase 
bioethanol yields and finding algae that produce high yields of oils or are otherwise well-adapted for 
biodiesel production. 
 
Figure 7. Illustrating the membrane-bound organelles of a typical fungal cell.  
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Figure 8. Wild-type YL cells grown on organic PTT substrate (top) and cells under stress from 
lack of carbon and nitrogen source resulted in acclimatization by reduction of metabolic activities and 
storing the fats to survive (bottom). 
 
PPT is a semi-crystalline polyester synthesized and patented in 1941.  This was introduced as the 
organic substrate for growing YL cells.  PTT is a highly polymerized hydrocarbon and thus a rich source 
of carbon and nitrogen. As mentioned above yeast cells have a mechanism for mobilizing and hydrolyzing 
triglycerides. As shown in Fig. 8 the top image depicts microscopic pebbles of PPT on the cell surface of 
YL. The cells membranes determine how these material are processed and stored.  A similar mechanism 
is illustrated in the schematics of Fig. 9.  The bottom image in Fig. 8 shows the cell's response to nutrient 
deprivation.   These cells were grown on supplementary substrates from standard nutrient broth. The broth 
is not a rich source of carbon and nitrogen in comparison to PTT.  As a result, the cells respond by 
slowing down their metabolism and storing the lipids in its vacuoles. 
This further signifies the use of microorganisms like YL as suitable candidates to monitor the 
production of large quantities of lipid that may be further processed and harvested for the production of 
biofuel with the application of genetic engineering.  
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Figure 9. Yeast cells hydrolyze polyproteins and triacylglycerol and store their byproducts.  The 
diagram on the left shows the process of lipid production via encapsulation and mobilization of 
triacylglycerol from the substrate material. 
PC3-luc cells (prostate cancer) 
According to the American Cancer Society, following lung cancer, prostate cancer is the second 
highest cause of mortality rate for cancer in the men and has the third highest mortality rate for cancer in 
general. The society also reported a burden on projects, and the mortality rates as the incident rates and 
mortality rate projection have a four-year lag. This has been one of the most important subjects that have 
driven cancer research of the past decade. The ability to diagnose cancer at in the earliest stages and to be 
able to present a detection technique that will encourage more of the male population to participate in the 
screening process.  The incidence rate is depended on the willingness the male population to engage in the 
annual screen.  In addition to this, there exist a need for more effective and less invasive treatments. 
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Here we look at the application of drug redeployment.  Drug redeployment is the repurposing of 
existing drug for treatments which they were not initially intended.  This approach offers less toxic 
therapies and less exposure to chemotherapy radiation.  Cells were cultured with MEM with 10% fetal 
bovine serum and 1% penicillin/streptomycin; 37° C, 5% CO2.  One set of cells were treated with the 
drug for 6 hours before they were was and pelleted for measurements. The drug used in these experiments 
will remain unknown due to ethics and copyright protocols, as samples were obtained from another 
researcher. 
 
Figure 10 PC3-Red-Fluc Bioware Brite Cell line (can be for fluorescent assays only with Luciferase 
reagent), Tissue Type: Human Prostate Tissue, Disease derived from Adenocarcinoma, Cell type: 
epithelial cell, adherent   
 
Pc3 cells were stained with oil red-O.  The cells were then viewed under the microscope at 100x 
oil immersion to see microscopically the composition of lipids inside cancer cells that were treated and 
cells that were not.  As shown in Fig. 10 a decrease in the saturation of lipid staining for cells that were 
treated with the drug, while the cells that were controlled not treated shows a higher saturation of lipid 
staining.  This is the first indication of changes in cells’ lipid metabolism.   
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2.2 Spectral Processing 
To be able to extract useful information from the IR absorption spectra, some form of spectral 
processing must be applied.  Spectral corrections, normalizations and other manipulations applied to 
access the significance of the vibrational response of biomolecules. 
Correction, normalization and second derivatives 
This form of preprocessing allows for the correction of scattering or oscillations that may appear in 
the IR absorption spectra during measurements.  Common pre-processing methods applied to IR 
absorption spectra are rubber band baseline corrections followed by normalization to amide I/II and the 
second derivative spectra.  The rubber-band correction eliminates slopes due to scattering, while the 
normalization forces all absorbing peak to have intensities at the amide I/II peak. A min-max 
normalization to amide I/II depend on the absorption of the sample at amide I. If cells are expected to 
have changes in their protein content, it may not be advisable to do a mini-max normalization to amide 
I/II. Instead, a vector normalization over the entire spectral region is recommended. 
It is crucial to resolving absorbing peaks to be able to characterize the biomolecular compositions 
and observe any variation in the structure which may result in wavenumber shifts in the negative peaks. In 
this thesis the Spectra are corrected using concave rubber-band baseline correction, employing ~50 
iterations and 200 correction points. After spectra are baseline corrected, they are normalized to amide I  
using min-max normalization to an absorbance unit of 2.0, except for the spectra for NM, NA, and YL. 
These spectra were vector normalized due to the variations in the amide I absorption. 
Principal component analysis 
In this thesis, PCA and integration are applied to IR absorption spectra. Principal component 
analysis and integration, among many other multivariate analytical techniques, have been widely using to 
permit analysis and display the statistical significance of the results obtained from FTIR spectroscopy.  
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PCA is a technique that is useful for the compression and classification of data. PCA seeks a linear 
combination of variables such that the maximum variance is extracted from the variables. It then removes 
this variance and seeks a second linear combination which explains the maximum proportion of the 
remaining variance, and so on. This is called the principal axis method and results in orthogonal 
(uncorrelated) factors. PCA analyzes total (common and unique) variance. 
 The new variables, called principal components (PCn), are uncorrelated and are ordered by the fraction 
of the total information each retains the variation present in the sample. Here PCn refers to (n = 1, 2, 3…) 
and the directions where there is the most variance, (where the data is most spread out). It is a function of the 
variation present in the spectral region selected (II-IV), given by the correlations between the original 
variables. They are a series of linear least square fit the sample spectra, each orthogonal to the previous. This 
means the 1st PC is a minimum distance fit to a line in some X space and is the component that distributes 
the data set based on the variable of major variance.  While the 2nd PC is a minimum distance fit to a line in 
the plane perpendicular to the 1st PC and is the component that distributes the data based on the variable of 
second major variance.  The same follows for the third principal component. The principal component 
analysis was applied to IR absorption spectra in the spectral range from 1800-900 cm-1 to obtain scatter plots 
for each data set.  
For each sample, the experiment is repeated under similar conditions, and all spectra under those 
conditions are average to produce an average spectrum.  Using Matlab software and standard deviation 
data obtained in OPUS a standard error bar is also obtained to show the significance of spectral variation.  
Along with second derivatives, Principal component analysis (PCA) and curve fitting are used to obtain 
additional information about IR absorption of vibrating species suing there IR abortion spectra.  
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Expected results 
The application of FTIR has been widely used and have consistently reported vibrational 
frequencies for biomolecules on various types of samples.  The technique is most attractive when applied 
to intact cells.  This vibrational frequencies listed in table 1 are most reposted frequencies reported for 
biomolecules in the mid-infrared region of the spectrum. 
Table 1. A list of the most prominent vibrational frequencies reported for biomolecules in the mid-
infrared region of the IR spectrum (see a list of references) 
 
 Vibration Species  Reported 
Frequency (cm-1) 
 Assignment  Region 
N – H Stretching 3280 Amide A I 
CH  stretching 3010 Ring Vibration I 
Asymmetric –CH
3 
 stretching 2956 Fatty acid I 
Asymmetric –CH
2
 stretching 2920 Fatty acids I 
Symmetric –CH
3 
 stretching 2870 Lipids I 
Symmetric –CH
2
 stretching 2850 Fatty and nucleic acids I 
C=O stretching of Lipid ester 1730 Lipid of Esters II 
80% C=O stretching, 10% C –N 
stretching and 10% N –H  
1650 Amide I α helix II 
60% N –H bending and 40% C –N 
stretching 
1630 Amide I β sheet II 
60% N –H bending and 40% C –N 
stretching  
1548 Amide II II 
Ring vibrations 1515 Tyrosine  II 
CH
3
 symmetric bending, COO 
symmetric stretching  
1350 Leucine,  lipids, Amide III III 
Asymmetric P=O (PO
2
) stretching 1240 Phosphodiesters, amino acids in 
phospholipids  
III 
COOC- asymmetric, rocking 
vibration  
1170 Polysaccharides, lipids, IV 
Symmetric stretching P=O(PO
2
)  1084-1088 Carbohydrates, Phosphodiesters, IV 
(CH
3
)
3
N asymmetric, P=O 
symmetric stretching  
965 Lipids, nucleic acids, β glucans IV 
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The assignment of vibrational frequencies obtained from IR spectra was done in a supervised fashion. In 
the table above is a list of the expected frequencies for the normal mode vibrations and the corresponding 
bonding species in biomolecules of cells.  
 
3 EXPERIMENTAL DETAILS 
3.1 Sample Preparations Protocols 
Visible absorption protocols 
The visible absorption of these cells as a function of their growth time can give information on the 
cell's response to the change in the condition of their nutrient broth.  Most studies report a maximum 
growth time of 14 days for S. Platensis after which there is a lag phase where cells stop diving as the 
available nutrient is the media decreases.  
          Td = ln2/µ = 0.693/µ, 
where Td is the doubling time of the growth cycle, µ is the maximum specific growth rate.  
µ (div/day) = (ln (Am/ Ai))/(tm – ti) 
 where Am and tm are the absorbances of the cells about the maximum growth period, and Ai and ti are the 
initial absorbance and time in the beginning. 
S6803 and SP growth  
The cyanobacteria S. 6803 and S. Platensis were both grown in the laboratory under and standard 
conditions. S6803 was grown in BG-11 with Spectinomycin as antibiotic and SP was grown in Zarrouk’s 
media at pH of 9.35. S. 6803 was kept at a growth temperature of 25.6˚C, and S. Platensis was kept at 
30.0˚C. 
On the first day of inoculation, the optical densities (OD) were measured to obtain a Xi value for the 
absorbance at the initial stages of growth. Cells were grown for a period ~30 days. The growth process 
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was repeated several times to obtain replicates for cells from both strains under similar conditions for a 
given day of growth. 
 
Figure 11. Depicts the comparison of visual opacity of S6803 (Left) and SP (Right) cells in their 
respective growth media during the growth cycle. Cells in media with less opacity are in the initial stages 
of growth while cells in media with more opacity are in their later stages of growth. 
 
In the presence of nutrients, cyanobacteria proliferate and thus increase the visible absorption of 
the cells’ solution. As shown in Fig.11 the bottles with less opacity contain cells that have recently been 
inoculated.  As time progress the opacity or OD increases as the number of cells increases. From this, it 
can be observed that the cell OD increases proportionally as a function of time. During the growth cycle, 
1ml samples were obtained from each growth media, and the OD was recorded. OD measurements were 
recorded using a UV-Vis Shimadzu spectrometer (Fig. 12) in the wavelength range of 400-800nm.  
A 1 ml cuvette with a 1cm path length was used to collect and measure the visible absorption of 
cells in.  A reference sample with media is used to measure background before collecting absorbance of 
the cell sample. The cells samples are then measured in the 400-800 nm range. 
A = cɛl is the equation for Beer-Lamberts law, where c is a concentration of cells, ɛ is molar 
extinction coefficient, and l is the path length of absorption. 
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Figure 12. UV-Vis Shimadzu- 1601 spectrometer used for measuring the visible absorption of cells. The 
Spectrometer is coupled with software that plots the visible absorption of cells displaying absorbance vs. 
wavelength. Information from these plots can be access using Beer-Lamberts law. 
 
Other strains of cyanobacteria were obtained from Carolina Biologics. The growth conditions of 
these samples were not standardized, and thus the growth curves were not obtained.  Samples were taken 
from each strain and prepared according to the above protocol for IR measurements.  
Yarrrowia lipolytica preparation 
Cells for YL yeast samples were provided by microbiology graduate student, Dr. Brian Gilbert, 
from Dr. Eric Gilbert’s laboratory in the Department of Biology at Georgia State University.  Two 20 ml 
bottles of yeast cells grown on the substrate for 72 hours. At the zero hours, each 24hr and increment after 
inoculation cells were collected and made into pellets by slow speed centrifugation at 12,000 RPM for 3 
minutes.  The supernatant was removed from both samples, and the pellets were re-suspended in double 
distilled water (dew) and homogenized using a vortex shaker. The slow speed centrifugation was 
repeated, after which the supernatant was removed and the pellets collected for measurement.   
Samples of NM, NA, and PC3 were also obtained from other sources.  Only FTIR measurements 
were done on these samples. 
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FTIR microscopy protocols   
Volumes 1ml of cells were taken from the same cell culture using a sterile syringe and stored in a 
1ml vial for centrifugation. Cells are spun down using slow speed centrifugation at 8000 RPM for 5 
minutes to remove growth media from cells. The supernatant (growth media) is removed from cells using 
pipettes, and the cell pellet is a wash three times suspended in nano-pure water by centrifugation between 
washes. Each time is removing most of the supernatant. These cells contain a cell wall and are not as 
susceptible to lysis due to osmotic shock from washing with water. Prostate cells were washed with PBS.  
After washing, ~3microliters of cells concentrated cell pellet was gently placed onto clean ZnSe 
windows for measurements in transmission mode. ZnSe windows are placed inside window holders and 
labeled to describe the sample on each window, as shown in Fig. 13.   The window holders are then 
placed in a vacuum enabled desiccator.  The desiccator is evacuated for 30 - 45 minutes and allowed to 
dry thoroughly to eliminate absorption of water in the mid-infrared region where biomolecules are 
expected to absorb.   
Steps1-7 are repeated for all types of intact cell samples.  The freeze-dried cells were rehydrated in 
nano-pure water and dried in an under conditions mentioned in the above protocol. 
 
Figure 13. Showing steps for sample preparation protocol. Left is the collection and washing of cells 
from media to obtain pellets then samples are dehydrated in vacuum enabled desiccator.  Right, images of 
the wet and dried sample on ZnSe windows and crystal. 
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FTIR microscope 
All FTIR microscopy data in this thesis were collected using a Varian Resolutions, UMA 600 
Infrared Microscope Spectrometer.  It is designed for infrared spectral analysis of micro-samples or 
micro-regions of large samples. It characterizes samples in both transmission and transfection mode.  
ATR measurements were done using a Varian FTS 7000 Spectrometer.  The UMA 600 Spectrometer 
comprises of a high quality visual/infrared microscope, one liquid nitrogen cooled- Mercury Cadmium 
Telluride (MCT) detector, purge collar, built-in camera, manual stage, a condenser to focus IR beam.   
This microscope, shown in Fig. 14 is coupled with a Varian FTIR spectrometer with a He-Ne laser 
operating in the visible region at 632.8 nm. An attenuated part of the laser beam passes through into and 
through the spectrometer sample compartment and is then directed through the microscope.  The systems 
are equipped with a resolutions pro software that permits displaying and collecting the IR spectra.  Along 
with this an image capture software that was used to select the area of the sample to measure, as shown in 
Fig. 15. This was done to ensure consistency in the homogeneity of the areas selected for measurement. 
 
 
Figure 14. Spectrometer: Varian UMA 600 FTIR Microscope – enabled Spectrometer.  Laser: He-Ne 
laser powered at 632.8 nm, Detector: MCT (Mercury Cadmium Telluride) – liquid nitrogen cooled.  
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 After optimizing the intensity of the IR beam to 7.0 volts, a single beam spectrum is collected. 
This was illustrated in Fig. 2. The single beam spectra of the background are collected and ratio with the 
single beam spectra of the samples. This produces the positive IR bands obtains samples. Sample spectra 
were collected in rapid scan mode using 32-64 scans to Co-add at a resolution of 4 cm-1.Operating 
temperature: 20⁰C with water circulator.  Sample compartment is under constant purging with dry air.  
 
Figure 15. FTIR microscope images captured during scanning via image capture software. This software 
is used to selected regions that display homogeneity for measuring to reduce scattering effects of artifacts 
or uneven surfaces
 
4 RESULTS 
4.1 Visible Absorption Spectra  
Visible absorption as a function of growth for S6803 and SP 
The S. 6803 doubling time was found to be 75 hours or 3days and 3hours while the doubling time 
of SP was found to be 77.9 hours or 3 days and 5.9 hours.  As shown in Fig. 16, the plot on the right is an 
absorbance vs. wavelength 2D plot illustrating the response in visible absorption as a function of time for 
S6803 cells.  Here the red line with the lowest absorbance (Ai) corresponds to cells in media with an 
opacity similar to the bottles shown in Fig. 11 for cells in their initial stages of growth.   
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Figure 16. Visible absorption of S6803 in BG-11 and SP in Zarrouk’s media during growth cycle using 
Shimadzu Spectrometer.  The left pl8ot shows the increase in absorbance cells from S603 as a function of 
growth. The right plot shows the relative change in absorption of S6803and SP measured at 730nm as a 
function of growth time.   
 
The blue line at with the highest absorbance (Am) corresponds to cells in a media with opacity similar to 
the bottles shown in Fig. 11 for cells in the later stages of growth.  The two are measurements that are ~ 
14 days apart in the growth cycle. 
The plot on the right in Fig. 16 shows the relative visible absorbance of samples measured at 730 
nm for S6803 and SP at several points along the growth cycle.  Here the curves suggest that S6803 has a 
faster growth rate in comparison to SP. This supports the difference in doubling times. Visible absorption 
measurements of this nature ban are employed to investigate which strains of cyanobacteria that are most 
like to proliferate in the event of an algal bloom.  It is important to know which strains of cyanobacteria 
will dominate in the event of an algal bloom because if the species that dominate are those that produce 
cyanotoxins this information will be useful to environmental studies that formulate safety precautions for 
water usage.  
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4.2 FTIR Absorption Spectra 
Figure 17 shows an average spectrum for the molecular vibrations of samples from S6803. In the 
spectral region I (3100 – 2800 cm-1) the spectra illustrate the IR absorption of saturated and unsaturated fatty 
acid and amino acid chains. The vibrational frequency of 3064 cm-1 is due to stretching of CH, 2958 cm-1 
and 2928 cm-1 are due to asymmetric stretching of CH3 and CH2, respectively.  2872 cm
-1 and 2854 cm-1 are 
due to symmetric stretching vibrations of CH3 and CH2, respectively.   
In region II molecular vibrations are dominated by secondary protein structures of amide I and II.  
The frequency of 1741cm-1 is due to stretching of lipid ester bond of C=O. 1660 cm-1 and 1554 cm-1 are due 
to C=O (80%) and C-N(10 % ) stretching and N-H (10 %) bending of amide I, and N-H (60%) bending and 
C-N stretching (40%) of amide II. In region III the 1456-1300 cm-1 are due to ring vibrations of amino acids, 
CH3 and COO symmetric bending and stretching vibrations, respectively, as well as asymmetric stretching 
of  P=O (PO2) stretching at 1242 cm
-1.  
 
Figure 17. Microscope FTIR absorption spectra for S6803 cells. Spectra baseline corrected with concave 
rubber band employing ~50iteration and 200 baseline points. 
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Regions IV is dominated by molecular vibrations of molecules from carbohydrate and phospholipids.  
The 1170-1085 cm-1 spectral regions are due COOC and P=O asymmetric and symmetric stretching 
vibrations.  963-900 cm-1 are due mainly to (CH3)3N asymmetric and P=O symmetric stretching of other 
lipids, nucleic acids, and glycosidic bonds. 900 -700 cm-1, region V is the fingerprint region. 
The contribution of growth media to absorption of cells 
Before data were collected for studying each strain of cyanobacteria, preliminary spectra were 
collected for samples of S6803 into standardized the protocol of sample preparation.  First cells were 
collected from growth media and pelleted to remove the media, then allowed to dry on IR windows.  In 
the first set of IR measurements and absorption band around 1395-1398 cm-1 as seen in Fig. 18.  After 
measuring the IR spectra of the dried salts from the BG-11 media, it was confirmed that this absorption 
was due to contribution from the growth media still present in the sample.  To remove this absorption 
band, all samples were washed three times with nano-pure water in preparation process before.  Pellets 
from the trice washed samples were then pelleted and dried on IR windows for further studies.  
 
Figure 18. Showing overlay of IR absorption spectra and second derivative spectra of S. 6803 cells from 
FTIR Microscopy before washing to remove the growth media (grey) and after washing three times in 
nano-pure water (red). Spectra baseline corrected and normalized. Neither spectra are on the scale as they 
were both shifted.  The second derivative spectra are multiplied by a factor of 4 to be able to display both 
spectra on the same scale. 
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Measuring the effect of lyophilization/freeze- drying on cells  
The reason for lyophilization was to investigate the possibilities of growing large volumes of cells 
and storing for the term.  This would be useful as currently cells are re-inoculated every 2-3 weeks to keep 
the strains alive. Studies have suggested that external stress like changes temperature and pH may result 
in cell death [38].  This observation was also made using 200ml of S6803 whole cell with an OD of 2.08 
at 730 nm.  Cells were made into a pellet by slow speed centrifugation at 8000 RPM for 6 minutes.  The 
pellet was washed three times with nano-pure water, and the slow speed centrifugation was repeated, each 
time removing the supernatant.   
Samples were put into the freezer at -80⁰C overnight and then installed into the freeze-drier for 
lyophilization.  The second set of the sample was taken from the same container, and the sample 
preparation protocol was followed. There IR spectra were measured to compare with the cells that were 
lyophilized. After lyophilization was complete, the sample samples were in powdered form and were 
rehydrated with nano-pure water.  This experiment was repeated twice, and the data shows consistency in 
no significant variation. 
 
Figure 19.  IR absorption spectra for S. 6803 cells before and after freeze drying.  Cyan – S. 6803freeze 
dried, Magenta – S. 6803non freeze dried, Purple – S. 6803non-freeze dried, Lime – S. 6803freeze dried. 
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The result obtained shows a small variation in the IR absorption spectra for both sets of 
experiments.  As shown in Fig. 19 where the IR absorption of both freeze-dried samples (purple and 
lime), the absorption around 1300 – 1220 cm-1 appears to be less steep in comparison to those of cells that 
were not freeze-dried.   
 
Figure 20 IR Second Derivative spectra for S6803 cells.  Cyan – S6803 non-freeze-dried, Magenta – 
S6803 freeze-dried, Purple – S6803non-freeze dried, Lime – S6803freeze dried. The top is spectral region 
III – V and bottom is spectral region II. The corresponding absorbance units are omitted from these 
spectra as the spectra are not to scale shifted for comparison. 
 
The second derivatives were calculated to resolve the individuate peaks further to determine 
better, or there are any significant changes as a result of lyophilization. As shown in Fig. 20 the second 
derivative for spectra showing spectral region II shows no significant variation in the samples that were 
freeze-dried and samples that were not. There is no significant shift in the negative peaks to indicate any 
changes. However the spectral showing regions III-V there is a consistency in the small variations 
between freeze-dried and non-freeze-dried cells between 1100 and 1000cm-1.  These frequencies are due 
to carbohydrates. This changes expected around 1300 -1220cm-1 were not visible in the second derivative 
spectra as there were no significant baseline shifts. 
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Monitoring biomolecular composition of S6803 and SP as a function of growth 
Figures 21 and 22 contains the IR absorption spectra for S6803. Each spectral plot is an average of 
the IR absorption spectra recorded from replicates of the S6803 cells on the same day of the growth cycle.  
As shown in Fig. 21 the region highlighted around 1155 -1033 cm-1 shows significant variation in IR 
absorptions of cells in the carbohydrate region of the cells on different days of the growth cycle, mainly 
around 1033 cm-1.   
There also appears to be a fluctuation in the IR absorption of carbohydrate molecules in these 
samples as IR absorption is higher for day seven than day 13 then increase again on day 17. After which 
IR absorption increase and the individual peaks around 1155cm-1, 1080cm-1, and 1035cm-1 becomes more 
increase in ratio compared to those on the band in the same region for cells at an earlier stage, for 
example, day 7.  The IR absorption is region I show consistency and thus is not contributed to any 
changes in the spectra. This can be interpreted as cyanobacteria not demonstrating any significant 
metabolism in lipids in relation their biomolecules as a function of growth. 
 
Figure 21. IR absorption of S6803 during several days of growth. The overlay spectra show variation 
mainly in IR absorption on carbohydrate region. 
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Figure 22. IR Absorption and Second derivative spectra of S6803 cells during the growth cycle. The 
figure also shows a microspore image captured showing homogeneity in the regions selected for 
measurements. Second derivate spectra are not to scale on the vertical axis. 
 
Figure 22 shows the overlay of average IR absorption spectra for S6803, grown in BG-11 media, 
on different days of the growth cycle and their corresponding second derivative spectra.  In the top right 
corner of the figure are the vibrational frequencies that are due to saturated and unsaturated hydrocarbon 
chains of the IR spectra in region I.  As mentioned above, this region does not indicate any significant 
variation as a function of growth time for cells from S6803.  
 Both the second derivative spectra and IR absorption spectra show variation in molecular 
vibration in the carbohydrate region (IV).  This demonstrates cyanobacterial cells are altering the 
carbohydrate metabolism of the cells in as the growth cycle progresses. No additional measures were 
taken to ensure that the contents of the growth media were kept constant as a function time. This results 
    51 
may be correlated to the changes that the in the media is and thus a response of the cells to changes in 
their environment. 
 
 
Figure 23. Principal Component Analysis of S6803during several days of growth. On the right is the X-Y 
(PC1 – PC2) scatter showing majority variance. A PC1 of 77.09% gives the majority variance among 
components. 
 
In the top right corner figure 8, is the 3D scatter plot of PC1, 2 and 3.  The bottom right plot as 
shown in Fig. 23, further displays the ability of PCA to distinguish among IR absorption spectra for cells 
from S6803 on different days of the growth cycle.  Here PC1 shows the distribution of spectra of samples 
on different days of growth based on the major component of 77.9 % variance and PC2 shows the second 
major component of 13.84% variance. 
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Figure 24.  IR Absorption and Second derivative spectra for SP cells during the growth cycle.  Showing 
variation in IR absorption in the carbohydrate region. The second derivate spectra are not to scale on the 
vertical axis 
 
SP though very different in physiological makeup from S6803, exhibits the similar biochemical 
response of cells to nutrient availability as a function growth time.  In Fig. 24, the spectral region showing 
major variation corresponding to the vibrational frequencies around 1154 -1033 cm-1, in region IV, in 
both the IR absorption and second derivative spectra.   Also, no major variation is observed regions I-III.    
The PCA scatter plot in as shown in Fig. 25  is also able to show the ability to distinguish cells 
from SP base on the response of their biomolecular composition to nutrient availability on different days 
of growth.  Here PC1 shows the distribution of spectra of samples on different days of growth based on 
the major component PC1 with 64 % variance and for PC2 the second major component of 13.2% 
variance.   
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Figure 25. Principal Component Analysis of SP during several days of growth. On the right is the X-Y 
(PC1 – PC2) scatter plot showing majority variance.  A PC1 of 64% gives the majority variance among 
components. 
 
Differentiating strains of cyanobacteria 
For both species of cyanobacteria S6803 and SP that were grown under well-defined experimental 
conditions, the responses in biomolecular composition as a function of growth time and nutrient availability 
was observed to mostly contribute in the carbohydrate/starch region (IV), of the IR spectra. Little or no 
significant changes were observed in regions I-III for lipids and proteins.  When the growth time increase 
the ratio of cells to available nutrient decreases.  The cells must acclimatize and produce some response to 
the changes in their environment.  These changes are observed in the variation of biomolecular vibrations.   
The spectra in Fig. 26 shows the similarity if the IR response of cells from both S6803 and SP during 
selected stages of the growth cycle. These spectra were produced by averaging the IR absorption spectra 
for cells within the first 17 days of growth for S6803 and with the spectra within the first 19 days for SP 
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and averaging the corresponding spectra for cells after that period in the growth cycle. This was done as the 
second derivative spectra for both S6803, and SP indicates a trend of upshifted vibrational frequencies for 
cells in earlier stages of growth. Major separation is observed after days 17 and 19, according to the 
sampling data for S6803 and SP, respectively. The top right corner of Fig. 26 shows a slightly magnified 
region of the second derivative spectra for both sets of strains of cells.   
Both strains show small upshifts in wavenumber in the second derivatives for the growth up to ~ 
day 19.  In S6803 at 1033cm-1 and S.P at 1029cm-1. After day 17 and 19 for S6803 and SP corresponding 
carbohydrate frequency are downshifted to 1029 cm-1 and 1028 cm-1 respectively. These variations in the 
peaks can be due to structural changes in cells to compensate for changes in their nutrient availability. 
 
Figure 26.  Showing overlay of average IR absorption spectra for S6803 and SP. IR absorption spectra of 
cells during the first 17 days of growth are average for S6803 as well as cells during the first 19 days for 
SP. These early stages of growth are compared with the corresponding average the spectra for cells after 
that period in the growth cycle 
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Figure 27.  Principal Component Analysis of S6803 during several days of growth. On the right is the X-
Y (PC1 – PC2) scatter plot showing majority variance. A PC1 of 77.09% gives the majority variance 
among components. 
 
In the same way that the PCA plots in Figs. 23 and 25 can distinguish among cells base of their growth 
phase, for both cyanobacterial strains, the analysis can be applied to differentiate cells on different strains 
form each other using their IR spectra on any given day of growth or nutrient availability. This proves to be 
one of most vaulted attributes of the study if we are to be able to have a system sensitive enough to identify 
and cells obtained from other sources.  The above PCA plot in Fig. 27 shows the 3D scatter plot and the 2D 
plot of PC1 and PC2. In the plot on the right corner, the distribution of spectra for cells on different days of 
growth for both strains, show the ability to distinguished the two based on the major component  PC1with 
64% variance and for PC2 component with 13.2% variance. 
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In addition to the IR measurements done on well-defined cyanobacterial cells grown under well-
defined conditions, IR measurements were done on the others strains of cyanobacterial cells. As shown in 
Fig. 28 the overlay spectra for several strains of cyanobacteria has majority variation in the regions III-V.  
The IR absorption of nucleic acids, phospholipids, polysaccharides and fingerprint molecules clear 
differentiates the different strains and their cell types. As shown in Fig.5 where cyanobacteria cells exhibit 
diversity in their cell shapes and sizes.   
This FTIR spectra display further illustrates another non-destructive way of differentiating among 
cells.  These measurements were done on cells that were into al-grow media provided by Carolina 
Biologics.  The cells were inoculated for a short period and since these growth conditions were not 
standard for growing each strain of cells.  The process was repeated once and the spectra for samples 
collected on the number of days after inoculation was measured and used to produce an average spectrum 
for each strain. 
 
Figure 28. IR Absorption Spectra for Several Strains of Cyanobacteria.  Spectra were obtained from an 
average replicated for each strain of cyanobacteria. All spectra were normalized and baseline correction 
similar to those of S6803 and SP 
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Applying a similar method of PCA to the spectra of cells from different strains if cyanobacteria 
yield a PC1 which, as shown in Fig. 29, the distribution of spectra of cells form different strains of 
cyanobacteria. The ability to distinguish cells based on IR spectra of biomolecules is once more 
illustrated. The PCA scatter plot in lower right corner major component PC1 with 64 % variance and PC2, 
the second major component with 13.2% variance.   
 
 
Figure 29. Principal component analysis of S6803 during several days of growth. On the right is the X-Y 
(PC1 – PC2) scatter plot showing majority variance. A PC1 of 79% gives the majority variance among 
component.  
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Comparison of Nitrogen Depletion Effects to Cellular Composition in strains of NM and N A 
 
This dataset allows the comprehension of the biomolecular composition changes in algae 
grown under conditions of nutrient depletion. Each pair of samples had one set of samples that 
were grown under nitrogen-depleted conditions and another set that was grown under nitrogen 
supplied conditions. The significant changes in the IR absorption in regions I-IV can be observed 
as shown in Fig. 30.  
 
Figure 30. IR Absorption and Second Derivative Spectra for Nitrogen Depletion trains of NM, 
NMS, NMD, NA, NAS, and NAD.  These spectra were vector normalized over spectral region 
3100 – 900 cm-1due to the contribution of amide I to changes in IR Spectra.  
 
 Under conditions of nitrogen depletion, Figs. 30 and 31 illustrate the cells 
acclimatization to store lipid molecules. This can be noted as the vibrational frequencies between 
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3025 – 2822cm-1 that are due to the unsaturated fatty acids increases in IR absorption for both 
strains under nitrogen-depleted conditions.   The range of 1759 – 1494 are lipids of ester, 
proteins, amino acids and other lipids.  1483 – 1193 are mainly carbohydrates and phospholipids.  
 
Figure 31.  The area under IR absorption is extracted by integrated as an additional approach to 
quantify information on the changes in the biomolecular composition of NMD, NMS, NAD NAS 
cells in response to nitrogen depletion. 
 
Extracting the area under the dominant IR absorption bands will further permit a 
quantitative assessment of changes in biomolecular composition. As shown in Fig. 31 there are 
obvious changes in the ratio of IR absorption for lipids, proteins, and carbohydrates. The area 
under each band is listed in Table 2 for comparison between nitrogen supplied and nitrogen-
depleted samples.   
For NMD and NMS a comparison of IR absorption due to bands between 1745 – 1480 
cm-1 show that the NMS band is 10.3 times bigger or more absorbent than that of NMD as listed 
in Table 1.  This indicated that the protein composition had decreased drastically in the cells that 
are nitrogen-depleted. The other bands that show the difference in absorptions, which can be 
observed from both IR spectra and table of the area, are the nucleic acid and lipids. The lipids 1.5 
times and nucleic acids are 1.3 times more absorbent.   
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 Cells from NAS and NAD have results that show similar changes in biomolecular 
composition concerning nitrogen depletion. The corresponding IR absorption bands from 1745 – 
1480 cm-1 show NAS as 8.1 times bigger than that of NAD, as listed in table 1. Both sets of cells 
exhibit similarity in cell metabolism of proteins in response to nitrogen depletion.  In addition to 
this, the lipids and nucleic acids are 1.4 and 3.1times more absorbent of NAD samples, 
respectively. Also, the carbohydrate absorption bands are ~2.0 times bigger in NAD cells in 
comparison to NAS. 
 
Table 2. Integrated area under IR absorption bands that shows variation is the absorption of 
biomolecules. The ration of the area for cells that was supplied with a nitrogen source to those 
depleted of nitrogen is taken for further comparison. 
 
Frequency range (cm-1) NMD NMS 
Ratio 
NMS/NMD 
NAD NAS 
Ratio 
NAS/NAD 
3025 2822 3.8 2.6 0.7 6.2 4.4 0.7 
1745 1480 0.7 7.2 10.3 1.6 12.8 8.1 
1483 1213 2.6 2 0.8 6.4 2.1 0.3 
1193 952 14.9 15.3 1.0 18.4 10.4 0.6 
 
 
• NA
D 
• NA
S 
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Cellular composition of yeast cells from YL grown on PTT substrate 72 hours 
The changes the biomolecular composition of yeast cells grown on PTT substrate 
appeared similar to those in algae cells that were previously discussed.  As shown in Fig. 32 cells 
with no substrate growing before 24 hours have a typical IR absorption spectra cells with no 
external stressors, where the amide I band has the highest IR absorption throughout the spectral 
range from 3100 – 900 cm-1.  
 
Figure 32. IR absorption and second derivative spectra for YL cells with no substrate and on 
PTT substrate during 72 hours of growth.  YL spectra were vector normalized in spectral region 
3100 – 900 cm-1, since the Amide I bands were changing in IR absorption as a function of 
growth time on the substrate.  
 Figure 33 is a stacked layout or they IR spectra in Fig. 32.  Visual observations of Fig. 
33 shows the temporal changes in the biomolecular composition of YL cells as they are grown 
on PTT substrate.  In the presence of organic material that is a rich source of carbon and nitrogen 
YL cells appears to metabolize and store lips as the highest IR absorption in the spectra of cells 
on the substrate are due to unsaturated lipids. 
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Figure 33. IR absorption spectra for YL cells on PTT substrate. Vector normalized. Display of 
spectra stacked as a function of time cell was grown on the substrate. Spectra are not to scale 
 
 In Fig. 33 there is a band peaking at a frequency of 1711cm-1 in addition to the band 
expected around 1746 cm-1.  The 1711 cm-1 wavenumber is close to that of IR frequency of fatty 
acids derived from corn oil.  Having this peak show up in the spectra gives some information 
about the lipid metabolism and metabolites of YL.  In the presence of rich nutrient source the 
cells display changes in biomolecular compositions and thus may indicate modifications in cell 
cytology.  These are wild-type cells with no genetic engineering, and thus the results are innate 
responses of the YL cells to their environment.  The main observation to be taken from this set of 
results is YL cells display cytological properties that further demonstrates their candidacy for the 
production and harvesting of lipids for biofuel production. 
The drug induces changes in prostate cancer cells 
Tumor cells depend on the upregulation of fatty acid synthesis.  Inhibition of this process 
results in cells death. Cancer cells synthesis and large quantities of lipids to multiply and spread 
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throughout the host. As shown in Fig. 10 the cells that were not treat had a higher saturation of 
lipids.  When a drug is added to the cell line, the M.O.A is to inhibit the synthesis of lipids.  This 
prevents the cells from being able to make their cells wall and thus will lead to cell apoptosis.  
The effect of the drug is the unsaturation of lipids and increase in the uptake of free fatty acids 
from surrounding.   
In Fig. 34 the treated cells show a small increase in the overall asymmetric and 
symmetric stretching modes of saturated hydrocarbons in region I.  An increase in the ratio the 
symmetric stretching of CH2: CH3 is indicative of lipid unsaturation.   
 
Figure 34. Showing IR absorption of PC3-luc prostate cancer cells using FTIR microscopy.  
Comparison of spectra from Pc3 cancer cell that was treated with a drug for 6hours to spectra of 
cells that were not treated. Red lines are average spectra for cells that were, and black lines are 
average spectra for cells that were controlled. 
 
 Figures 34 and 35 both show variation in the biomolecular absorption for pc3 cells that 
were treated and controlled. There is an increase in IR absorption in the 
carbohydrate/phosphodiester band about 1103-1057 cm-1.  There also appears to be an increase 
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in the symmetric stretching of CH2 and CH3 as shown in region I on the second derivative 
spectra for treated cancer cells in Fig. 35. A similar observation was seen in a study of the anti-
leukemic drug on single cells of acute myeloid.  This may be indicative of an increase in the over 
the ratio of CH2: CH3, which expected as a marker for the drug action on the unsaturation of 
lipids.  
 
Figure 35. IR average absorption and second derivative spectra for pc3 cancer cells. Spectra in 
red are for cells treated with drug and spectra in black or control cells. At the top is region I and 
IV showing the overlay of both absorption spectra and second derivatives. The bottom spectra 
show an average IR absorption spectra for treated and control. 
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Figure 36. Showing selected spectral region III-IV.  Overlay of spectral regions shows some 
variation in IR absorbance and second derivatives due to amino acids, phosphodiesters, and 
polysaccharides.   
  
 
Figure 36 shows spectral region 1500-900 cm-1. Here variation in IR absorption is much 
clearer and small shifts in the second derivative spectra are highlighted.  A band at 1440 is 
reported to be an additional marker for lipid unsaturation.  The decrease the in IR absorption at 
1440 cm-1 corresponds to an increase in hydrocarbon saturation. As shown in Fig. 36 there is a 
band around 1417 cm-1 that shows variation in second derivative spectra between treated and 
untreated cells. 
In addition to these markers for drug MOA, cell spectra are also interpreted for the 
dehydration of DNA structures as a result of preparing and drying the sample. Cell dehydration 
as a result of preparation may produce conformational changes of DNA from its B-form to its A-
form. The position of asymmetric P=O stretching may shift from 1225cm-1 for B-DNA to 
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1235cm-1 of A-DNA.  As shown in Fig. 36 the frequency measured for the P=O asymmetric 
stretching vibration is 1225cm-1 for cancer cells that were treated, and a downshift 1219cm-1 for 
cells that were not treated. This evidence that pre-samples were not dehydrated in preparation 
protocols.   
 
Figure 37. Principal components analysis of spectra for treated and controlled pc3 prostate 
cancer cells in the spectral the 1800 – 900 cm-1.  PC1 and PC2 are the major components that 
account for variance among data. The plot does not display much variance between PC1 and PC2 
 
 
The PCA scatter plot was applied to the spectral data collected for both treated and control 
cells.  The major component of variance, PC1 only produce a 51. 89% percent of distinguishing 
treated cell spectra from those of control.   The result of drug-induced IR absorption on prostate 
cancer cells was not as conclusive as were expected.  Most of the drug-induced changes were 
observed in the carbohydrate region. The contribution of IR absorption due to unsaturation of 
fatty acids was expected [6, 26] the drug is intended to work on dissolving lipid bilayers of cells 
to disable them from protecting themselves from host environment and producing more cells. 
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However, the results obtained are comparable to those obtained in literature. Several IR 
absorption bands display small frequency downshift in a cell that was treated with the drug.   
 
 
5 CONCLUSION 
The ability to use FTIR spectroscopy as a tool for routine monitoring of cellular 
composition in response to external stressors proves to be a valuable and robust mechanism. 
Cyanobacteria are oxygenic photosynthetic prokaryotic bacteria that grows naturally in water 
sources such as ponds, lakes, streams and other surface waters. (Blue-green algae).  Increased 
water temperatures, slow-moving water, and excessive nutrients or organic matter cause 
cyanobacteria and some algae to proliferate.  Some cyanobacteria can be found in bottom 
sediments and float to the surface when mobilized by storm events or other sediment 
disturbances.  Under favorable conditions of light and nutrients, some species of cyanobacteria 
produce toxic secondary metabolites, known as cyan toxins. 
FTIR Spectroscopy along with multiple chemometric analysis can be used to identify and 
classify micro-organisms that produce toxin during algal blooms. With standard protocol in place 
for collecting samples, preparing and measuring FTIR spectra, a library with molecular 
vibrational fingerprints can be established and used in further studies concerning environmental 
impacts of algal blooms to identify species of microalgae producing toxins in algal blooms. The 
ability to distinguish between several strains of cyanobacteria under varying conditions and 
during different stages of growth shows that FTIR Spectroscopy shows promising implications 
for more advanced studies. 
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S6803 and SP were monitored through their growth process for ~40days, and their optical 
density and IR fingerprint monitored at several stages of the growth period.  The S. 6803 and S. 
Platensis strains both appear to have a slight variation in the IR absorption after the first three 
20days of growth. During early stages of growth, cells have a surplus of nutrients in their 
respective media. When a nutrient is depleted,  the cells acclimatize as a response and their 
molecular composition may be a marker for their response to these nutrient altering conditions.    
The spectra for both sets of the sample showed major variation in the 1420-960 cm-1 
spectral region (Region III-IV).  This region has been indicated in previous studies as the 
vibrational frequencies associated with the IR absorption of Polysaccharides (starch) and 
Phosphodiesters around 1170 cm-1 and 1080-1030 cm-1 (COOC- asymmetric stretching, and 
rocking and symmetric stretching of P=O (PO2)).  
The experiment with algae and Yeast cells under nitrogen depletion and grown on an 
organic substrate, respectively, provide supporting information for using these as good 
candidates for biofuel production.  Under nitrogen depletion bot strain of Neochloris shows 
significant changes in biomolecular composition.  This highlight the mechanism that these 
microalgae use to accumulate large quantities of lipids which can be harvested to produces high 
yields of biofuels.  The yeast cells also displayed this affinity to store lipids in the presence of 
organic material.   
Asymmetric bending of phosphodiester in DNA expected about 1220-1240 cm-1 and 
conformational changes from a B-DNA to A-DNA can confirm intercalation or denaturation of 
DNA due to a drug.   Also vas & vs. stretching of lipids and some coupled stretching of C – N 
and N – H bending is reported optical biomarkers for drug induce changes in cancer cell lines.  
The second derivative shows no significant changes in stretching vibrations due to fatty acids 
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which may indicate no consideration of unsaturation of lipid molecules.  The integrated spectra 
show the only slight difference in area under IR absorption bands, mainly in the carbohydrate 
region and are similar to studies comparing normal and carcinoma tissue ex vivo [39].  
FTIR Microscopy is an invaluable technique that can be used to give detailed information 
on the structural components of biomolecules found in living cells 
 
 
6  REFERENCES 
1. Kenne, G., and D.v.d. Merwe, Classification of Toxic Cyanobacterial Blooms by Fourier-
Transform Infrared Technology (FTIR). Advances in Microbiology, 2013. Vol.03No.06: 
p. 8. 
2. Schmitt, J., and H.-C. Flemming, FTIR-spectroscopy in the microbial and material 
analysis. International Biodeterioration & Biodegradation, 1998. 41(1): p. 1-11. 
3. Barth, A., Infrared spectroscopy of proteins. Biochimica et Biophysica Acta (BBA) - 
Bioenergetics, 2007. 1767(9): p. 1073-1101. 
4. Gasper, R., et al., IR spectroscopy as a new tool for evidencing antitumor drug 
signatures. Biochimica et Biophysica Acta (BBA) - Biomembranes, 2009. 1788(6): p. 
1263-1270. 
5. Di Giambattista, L., et al., New marker of tumor cell death revealed by ATR-FTIR 
spectroscopy. Analytical and Bioanalytical Chemistry, 2011. 399(8): p. 2771-2778. 
6. Denbigh, J.L., et al., Probing the action of a novel anti-leukemic drug therapy at the 
single cell level using modern vibrational spectroscopy techniques. Scientific Reports, 
2017. 7. 
    70 
7. Kummerle, M., S. Scherer, and H. Seiler, Rapid and reliable identification of food-borne 
yeasts by Fourier-transform infrared spectroscopy. Applied and Environmental 
Microbiology, 1998. 64(6): p. 2207-2214. 
8. Taha, M. et al., Use of Fourier transform infrared spectroscopy (FTIR) spectroscopy for 
rapid and accurate identification of Yeasts isolated from human and animals. 
International Journal of Veterinary Science and Medicine, 2013. 1(1): p. 15-20. 
9. Baker, M.J., et al., Using Fourier transform IR spectroscopy to analyze biological 
materials. Nature Protocols, 2014. 9(8): p. 1771-1791. 
10. Dean, A.P., et al., Using FTIR spectroscopy for rapid determination of lipid 
accumulation in response to nitrogen limitation in freshwater microalgae. Bioresour 
Technol, 2010. 101. 
11. Zeroual, W., et al., Monitoring of bacterial growth and structural analysis as probed by 
FT-IR spectroscopy. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 
1994. 1222(2): p. 171-178. 
12. Gruhlke, M.C.H., et al., Allicin disrupts the cell’s electrochemical potential and induces 
apoptosis in yeast. Free Radic Biol Med, 2010. 49. 
13. Ami, D. et al., Fourier transform infrared spectroscopy as a method to study lipid 
accumulation in oleaginous yeasts. Biotechnology for Biofuels, 2014. 7(1): p. 12. 
14. Vongsvivut, J., et al., FTIR microspectroscopy for rapid screening and monitoring of 
polyunsaturated fatty acid production in commercially valuable marine yeasts and 
protists. Analyst, 2013. 138. 
    71 
15. Galichet, A., et al., FTIR spectroscopic analysis of Saccharomyces cerevisiae cell walls: 
a study of an anomalous strain exhibiting a pink-colored cell phenotype. FEMS 
Microbiology Letters, 2001. 197(2): p. 179-186. 
16. Onishi, A., et al., Energy transfer in Anabaena variabilis filaments adapted to nitrogen-
depleted and nitrogen-enriched conditions studied by time-resolved fluorescence. 
Photosynthesis Research, 2017. 133(1): p. 317-326. 
17. Taziki, M., et al., Nitrate and Nitrite Removal from Wastewater using Algae. Vol. 04. 
2015. 1-1. 
18. Bouma-Gregson, K., M.E. Power, and M. Bormans, Rise and fall of toxic benthic 
freshwater cyanobacteria (Anabaena spp.) in the Eel river: Buoyancy and dispersal. 
Harmful Algae, 2017. 66: p. 79-87. 
19. Al-Holy, M.A., et al., CLASSIFICATION OF FOODBORNE PATHOGENS BY 
FOURIER TRANSFORM INFRARED SPECTROSCOPY AND PATTERN 
RECOGNITION TECHNIQUES. Journal of Rapid Methods & Automation in 
Microbiology, 2006. 14(2): p. 189-200. 
20. Xuan Nguyen, N.T., et al., Detection of molecular changes induced by antibiotics in 
Escherichia coli using vibrational spectroscopy. Spectrochimica Acta Part A: Molecular 
and Biomolecular Spectroscopy, 2017. 183: p. 395-401. 
21. Kim, S., et al., Differentiation of Crude Lipopolysaccharides from Escherichia coli 
Strains Using Fourier Transform Infrared Spectroscopy and Chemometrics. Journal of 
Food Science, 2006. 71(2): p. M57-M61. 
    72 
22. Zeroual, W., M. Manfait, and C. Choisy, FT-IR spectroscopy study of perturbations 
induced by antibiotic on bacteria (Escherichia coli). Pathol Biol (Paris), 1995. 43(4): p. 
300-5. 
23. Brandenburg, K. and U. Seydel, Investigation into the fluidity of lipopolysaccharide and 
free lipid A membrane systems by Fourier-transform infrared spectroscopy and 
differential scanning calorimetry. European Journal of Biochemistry, 1990. 191(1): p. 
229-236. 
24. Lu, X. et al., Using infrared spectroscopy to study the survival and injury of Escherichia 
coli O157: H7, Campylobacter jejuni and Pseudomonas aeruginosa under cold stress in 
low nutrient media. Food Microbiol, 2011. 28. 
25. Gazi, E., et al., A Correlation of FTIR Spectra Derived from Prostate Cancer Biopsies 
with Gleason Grade and Tumour Stage. European Urology, 2006. 50(4): p. 750-761. 
26. Gasper, R., et al., FTIR spectral signature of the effect of cardiotonic steroids with 
antitumoral properties on a prostate cancer cell line. Biochimica et Biophysica Acta 
(BBA) - Molecular Basis of Disease, 2010. 1802(11): p. 1087-1094. 
27. Matthew J. German, Infrared Spectroscopy with Multivariate Analysis Potentially 
Facilitates the Segregation of Different Types of Prostate Cell. Biophysical Journal, 
2006. 91(2): p. 775. 
28. Trevisan, J., et al., Extracting biological information with computational analysis of 
Fourier transform infrared (FTIR) biospectroscopy datasets: current practices to future 
perspectives. Analyst, 2012. 137. 
29. Kacuráková, M. and M. Mathlouthi, FTIR and laser-Raman spectra of oligosaccharides 
in water: caharacterization of the glycosydic bond. Carbohydr Res, 1996. 284. 
    73 
30. Hansen, L., et al., FTIR spectroscopy for the detection and evaluation of live attenuated 
viruses in freeze dried vaccine formulations. Biotechnology Progress, 2015. 31(4): p. 
1107-1118. 
31. Kim, S., B.L. Reuhs, and L.J. Mauer, Use of Fourier transform infrared spectra of crude 
bacterial lipopolysaccharides and chemometrics for differentiation of Salmonella 
enterica serotypes. Journal of Applied Microbiology, 2005. 99(2): p. 411-417. 
32. Jamieson, L.E. and H.J. Byrne, Vibrational spectroscopy as a tool for studying drug-cell 
interaction: Could high throughput vibrational spectroscopic screening improve drug 
development? Vibrational Spectroscopy, 2017. 91(Supplement C): p. 16-30. 
33. Liang, M.H. and J.G. Jiang, Advancing oleaginous microorganisms to produce lipid via 
metabolic engineering technology. Prog Lipid Res, 2013. 52. 
34. Goormaghtigh, E., V. Raussens, and J.-M. Ruysschaert, Attenuated total reflection 
infrared spectroscopy of proteins and lipids in biological membranes. Biochimica et 
Biophysica Acta (BBA) - Reviews on Biomembranes, 1999. 1422(2): p. 105-185. 
35. University, J.M.W.H., L.M.S.M.S. University, and C.J.W.K.S. University, 
Prescott,Harley,and Klein’s Microbiology Sevent Edition. Copyright © 2008: McGraw-
Hil: Colin Wheatley/Janice Roerig-Blong  
36. Johnson, T.W., et al., Recruitment of a foreign quinone into the A(1) site of photosystem I 
- I. Genetic and physiological characterization of phylloquinone biosynthetic pathway 
mutants in Synechocystis sp PCC 6803. Journal of Biological Chemistry, 2000. 275(12): 
p. 8523-8530. 
    74 
37. Costa, J.A.V., et al., Modelling of growth conditions for cyanobacterium Spirulina 
platensis in microcosms. World Journal of Microbiology and Biotechnology, 2000. 16(1): 
p. 15-18. 
38. Schwegman, J.J., J.F. Carpenter, and S.L. Nail, Infrared microscopy for in situ 
measurement of protein secondary structure during freezing and freeze-drying. Journal of 
Pharmaceutical Sciences, 2007. 96(1): p. 179-195. 
39. Ghimire, H., et al., ATR-FTIR spectral discrimination between normal and tumorous 
mouse models of lymphoma and melanoma from serum samples. Scientific Reports, 2017. 
7(1): p. 16993. 
 
